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ABSTRACT 



An ejcperiraentr 1 investigation 'Qs n dc to determine the chs.rac=> 
teristics of the flow over the surface of a 70° cone and at the shock 
wave for values near the detachment iiach number. The purpose of this 
investigation was to compare the experimental results obtained -frith 
theoretical values. 

Tests were made in the GiLCIT 2.5" Supersonic 77ind Tunnel on a 

o 

70 cone at zero angle of attack for five different free strean Macn 
nunberat 1.49, 1.330, 1.694, 1.66, 1.997. 

It vrua found that theory gives close agreement with experimental 

results. 

This investigation was conducted jointly with Mr. Vincent Muirhead 
at the California Institute of Technology, Pasadena, California*. 
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I. INTRODUCTION 



The purpose of this investigation was to determine experimentally 
the characteristics of the flow over the surface of a 70° cone and at 
the shock wave for values nedr the aetaohnent Muoh number. A further 
purpose was to compare the experimental results obtained with values 
determined analytically for an infinite 70° cone 0 

A previous experimental investigation of this problem by Marschner 
and Altseiner (Ref. 1; was inconclusive for points near the apex of the 
oone. In addition, the Marschner and Altseimer work was not directly 
comparable with analytical results sinoe no analytical data were avail® 
able' for the exact oone angle which they used. 

In this investigation only the flow parameters at the surface of 
the model and the configuration of the primary shook wave were determined. 
A 70° oone with a oiroular cylindrical afterbody was tested at zero angle 
of attaok. Tests were made at five different Mach numbers s 1.49, 1,636, 
1.694, 1.86, 1.997, 

Theory predicts that the initial Mach number for which the shook wave 
first becomes attached to tho cone is 1,381. The free stream ijach number 
at whioh tho flow theoretically first attains sonic volooity behind the 
shock %«\ve is 1,769. The initial Mach number for which the flow theore® 
tioally first becomes sonic along the surface of tho cone is 1 0 911. Mach 
1.49 therefore was chosen- to give a well defined detached shock. Maoh 
1.636 was chosen to give a det&ohed shock under conditions very slightly 
removed from those nt attachment. Mach 1.694 was selected to give an 



attached shook olos® to the minimum Maoh number for attachment where 
the flora' after the shock was subsonic. Mach 1.86 was selected to give 
an attaohed shock with supersonic flora after the 3hock except for a 
region naar the surface of the cone wrere the flew is subsonic. Mach 
1.997 w&b chosen to give an attaohed shock with the flow after the 
shock supersonic including the region at the cone surface. 

For the convenience of the reader, the above is recapitulated in 
tabuler forms 



Initial 
Maoh number 
used 


Theoretj cal 
Min. ‘£ach 
•Jo. for 
condition 
described 


Shock wave 


Flora behind 
shock 


Plow 

along cone 
surface 


1.49 


1.00 


Detached 


Subsonic 


Subsonic 


1.636 


1.00 


Detached 


Subsonic 


Subsonic 


1.694 


1.683 


Attached 


Subsonic 


Subsonic 


1.86 


1.775 


Attached 


Supersonic 


Subsonic 


1.997 


1.917 


Attached 


Supersonic 


Supersonic 



In order to improve on the results obtained try Marschner and 
Altseimer, the largest modal possible without blocking the tunnel %ms 
used and a pressure orifice raao placed as close to the nose as practic" 
able. To make possible an exact comparison with theory a 70° c07ie angle 
was used since computed values are tabulated for that angle (Ref. 2 ,« 

The mathematical treatment of the problem of supersonic floras around 
infinite cones r*is been given by several investigators, notably Buseaann 
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(Ref. S; and Taylor and Macooll (Ref. 4,. Komi has sunoliod computed 
numerical data based on the mathematical theory (Ref, ? ;. It is tho 
aim of this work to oomnare this compute^ date, with experimental data 
obtained. 

This investigation was conducted in the 2.5" Cupersonio Y7ind 



Tunnel at the Guggenheim Aeronautical Laboratory, California Institute 
of Technology, Pasadena, California during the winter cf 1948-194S. 






II, EQ~7I?' , r.b’T Anri H PCr~)TR~' 

Eight models ‘-/ere tested. Ensh was 2 . ‘ srass circular cylinder with 
a 70° conical nose and had on© static pressure orifice at 3ome point 
on the cone or cylinder. The models differed from eaoh other only in 
the location of this pressure orifice. Per details see Pig. 1. 

The models were tested in the GALOIT 2.5” Supersonic ’find Tunnel. 
This is a single return, closed throat, continuous cycle v/ind tunnel 
with a 2.5” x 2,5” test section. Por a detailed description of the 
tunnel see P.of. 5. The model vras supported by « sting wiloh could be 
adjusted in angle of attack, but not in yaw. Fixed steal noszlo 
blocks *were used for Mach numbers 1.G33 and 1.397. Flexible bronze 
nozzle blocks were use! for \iach numbers 1.49, 1,694 end 1,86. The 
details of construction and method of adjusting the flexible nozzle 
blocks are contained in Ref. 1, 

Photographs of the flow rore taken with the standard Schlieren 
apparatus installed in this tunnel. 

The Mach number variation in the test section (Fig* 2 j was 
determined by a centerline pressure survey. 2-tatie pressure was 
taken from an orifioe in a section of hypodermic tubing clamped in 
the axis of the nozzle and test section. The difference between the 
oenterline pressure and the tost oeotion wall pressure whs measured 
on an acetylene tetrabromide mancceter. This pressure difference 
was added to the wall pressure measured against atmospheric pressure 
on a meroury manonoter. 



The model rus sat &t core angle of -tt-c^ by the following p^cce- 
dare. Pressure readings vrere taken for two angles of attack with the 
orifice on top. Pressure readings for the sane two angles of attack 
vrero then taken with the orifice on th'» betto: , slot of pressure 
vorsus angle of attack sras n'do (Pig, Z , and the intersection of the 
line for the orifice up with the line for the orifice down gave the 
zero an^le of attack. This zero setting ttis checked ooth with the 
orifice up and the orifice down and adjusted until no variation existed 
Static pressure at the model orifioe, settling tank pressure, and 
test, section wall pressure 7/ere read on vertioal U-tube merour, nano- 
meters against atmospheric pressure. Baromotric pressure, room tempera 

ture and settling tank temperature vvero reoorded. 

To determine relative humidity, a sample of tunnel air '.vug bled 

from the settling tank and passed over a ccoled, polished, metal disc, 

Tiie temperature at which condensation first occurred was taken as the 
dew point. From this the relative humidity ms determined. The 
silica gel dryer in the tunnel air circuit kept tho relative humidity 
in the range from .Of to ,'A, 



III. RESJLTS ATJD DISCTBSIOK 



Fig. 4 is a graphical presentation of the notation employed. 

Figs. 5 and 6 show the pressure distribution over the model for 
the case of the detached shock nave (if ~ 1.4S and M — 1.636;. At the 
nose the ourves are faired to the pressure which theoretically obtained 
behind a normal shock nave. This was felt to be a valid procedure 
since the photographs of the flow sho*jr a normal shock close to the 
nose and sinoe the pressure clinbs abruptly as the nose is approached. 
These results tend to dear up the uncertainty left by the Marschner 
experiment as to the behaviour dose to the nose near the attachment 
Sfiach number o 

After the large initial acceleration near the nose the flow 
accelerates uniformly but more slowly over the middle part of the 
cone faoe and then speeds up again near the corner of the cone and 
cylinder. The theoretical pressure at whioh the flow becomes sonic 
is indicated at the corner. The model and tunnel wall form an effective 
throat at which the flow becomes sonic. 

Fig. 7 shows the case of the attached shock with subsonic flow 
behind th© shook and along the cone face (il 1 1.694;. The theoretical 
pressure at the nose to which the curve 1 is faired is that given in the 
Kopal report (Ref. 2;. It appears from the plot that the flow attains 
sonic velocity at a point slightly ahead of the corner (x/s .975;. 

Pig. 8 shows the conditions with mixed flow behind the attached 
shock (M ' 1.86;. Again the theoretical nose pressure is taken from 



Kopal. It is indicated that the flov i3 subsonic over the first half 
of the cone and auperaonio over the latter half. 

Fig. 9 shows the pressure distribution with the whole field 
supersonic (ll - 1.997/. The flow along the entire cone faoe is nearly 
constant and in good agreement with the theoretical value as given 
in Kopal. The pressure for a Frandti -Meyer expansion around the 
corner is indicated. 

Fig. 10 is a summary which shows that the transition of the flow 
through the several regimes is remarkably gradual and even. The jump 
in pressure at detachment of the shock wave is apparently abrupt for 
only a very snail portion of the flaw field very close to the nose of 
the cone. It oan also be seen that the flow field is conical only 
for the oase where the flow behind the shock is everywhere supersonic 
(M - 1.997,). T.'her© there is nixed flow behind the shock, the flaw is 
non-c onioal. 

Fig. 11 3 hows the variation of pressure with H&ch number for 
eaoh orifioo. The curves are regular except for a possible snail 
discontinuity in slope at the attachment I£ach number. The curves 
are dotted for this portion of th© .'4a oh spectrum. 

Fig. 12 through IS are similar to Pig3. 5 through 11 described 
above except for the reference pressure used. In Figs. 5 through 11 
the pressure was given in ratio to the settling tank pressure, d q « 

In Figs. 12 through 18 the pressure is given in ratio to the theore- 
tical reservoir pressure oorrespondin" to condition behind the shock, 
P o '. For the detached shock, normal shock wave relation were used. 

For the attached shocks, oblique shock wave relations were used 



considering the shook e.ngle existing at the nose. 

Pig. 19 shows, to a seals sis times actual size, the configuration 
of the nrimary shook waves for the various Maoh numbers tested. These 
patterns were traced from projections of the Sohlieren photographs 
taken. 

Pigs. 20 through 24 are plots of shock wave angle and Mach number 
after the shock. The wave angle was measured directly from the shock 
traces and the Maoh number after the shook calculated from the oblique 
shook relations. The theoretical value for the wave angle for 
infinite cone as derived from Kopal is indioated on the curves. Pigs. 

25 and 26 are summaries shewing the gradual transition of the conditions 
at the shock through the different types of flow. 

Prom Pig. 26 it oan be seen that the point at whioh Mg — 1 just 
behind the shook iss 

Initial Mach number Y/D at which Mg - 1 

1 . 49 . 96 

1.636 ,83 

1.694 .6? 



From this and the previously noted point at which M - 1 on the surface 

of the cone, we get two points on the boundary line between subsonic 
and supersonic flow. 

o 

Pig. 27 gives the theoretical surface pressure for an infinite 70 
cone plotted against free stream Maoh number. Fig. 28 gives the theore- 
tical shock wave angle. In Pig. 28 the minimum Mach number at whioh 



the flov behind the shock uecomes supersonic and the mininun Maoh 
number at which the flow ovor the surface of the ccne beoomos 
supersonic are indicated. Figs. 27 and 28 were plotted from data 
given tjy Kopal. Experimental points for the apex of the cone are 
superimposed on the theoretical curves. 

Figs. 29 through 35 are S-chlieren photographs of tho models at 
various test Uaoh numbers. 

The results in general show close agreement with theory in all 
details where direct comparisons are possiole and are nowhere incom- 
patible with theory. The results are also in agreement with the work 
of iJarschner and Altseimer and ammplify their results for points close 



to the apex of the cone 



IV 



CONCLUSIONS 



It is concluded that theory gives excellent agreement with 
experimental results for those values of flew oorapared. It is 
4.clt t,hat thi 3 investigation is a good experimental oheck on the 
analytical data of the Kopal report (Kef. 2/, and, by extension, 
that all values tabulated can be used with confidence. 

It is further concluded thGt the transition from detached to 
attached shook wave proceeds smoothly and with no violent changes 
in the flew, except for a jump in the pressure at attachment at 
the extreme tip of the cone. 



i 



3 i.i® 



RF/T'F.F. NCI'S 



. Marschner, 3. IV. , and Altseiiaer, 0., "An Investigation of Detached 
Shock Waves", Thesis in partial fulfillnent of the requirements 
for -one Decree of Aeronautical Engineer, California Institute of 
Technology,, 1948. 

2. Kopal, Z. , "Supersonic Plow Around Cones", Massachusetts Institute 

of Technology, Center of Analysis, Report Ho. 1, 1947. 

3. Busenami, Von A., Zeitschrift fur Angewandte Mathemntik and Mechanik, 

n ?t 

2, 49G, 1929, "Druoke auf Kegelfonaig© Spitzen bei iexvegung mit 
Ucersohallgescrnrind-gkeit", (translation; "Pressures on Cone Shaped 
Tips Uovin 0 at Supersonic Velocity", translated by Jack Iatsoff , 
Cornell Aeronautics Library. 

4. Taylor, G. I., and Macooll, J. W. , "Th6 Air Pressure on a Cone Moving 

at High Speeds", Proc. Royal Society, A, p. 139-273, 1933. 

5. Puckett, Allen F. , and Schamberg, Richard, "Final Feport - Galoit 

Supersonic Wind Tunnel Tests", Library of Aeronautics, California 
Institute of Technology, June, 1948* 



-12 



SAfrlPLP CATj2‘J^ATi n TE 



A. Determination of M 



Data: 



A 



Baro 



5/8" 102.3 99.2 132.65 70.35 63.30 5.84 74.70 



P c 102.6 

P A 99.2 
3.4 



Baro 74.7 
3.4 




P 4 132.65 

P A 70.35 
62.30 
Baro 74 . 'a. 
62,30 

?. = 12.40 

4 



p. 

— Ihl 

?o ’ 71.3 



.1739 



,2188 (? 4 = ? 8 J .2188 (58.4 - 65.3; 



71.3 



.01504 



s 

“ = .1739 - .0150 .1575 

? o 



M 



1.860 
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B. Dot© ruination of Angle of Attack 
Datat 







Rol. Angle 


p s 


P A 


A? 


Hole 


up 


0 


112.70 


92.10 


20.60 


Hole 


up 


1.0 


112.90 


91.85 


21.05 


Hole 


down 


0 


112.90 


91.85 


21.05 


Hole 


down 


1,0 


112.65 


92.15 


20.50 



C. Determination of P s /P Q j M ~ 1.36 



Data* 

Run Model P Q Baro ? B P 4 



52 


5 102.65 99.15 74.88 


121.6 81.6 75.45 


13.35 


P o 


102.65 


? S 


121.6 


Pa 


99.15 


P A 


81.8 




3.50 




39.8 


Baro 


'74.88 


Baro 


74.88 




3.50 




39.8 


P 

0 


71.38 


P s 


35.08 




35.08 

71.38 



,4315 



T 



23,3 
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D. Determination of P 8 /P 0 '; ^ l.LL 



? o' 



!.8 , 9 ^ 

—7 IT sin 2 0 w • 

2. ‘4 2.4 



.4\ 2,5 / . 2 M 2 Bin 2 0 . + l\ 3,5 



1.2 M 2 sin 2 0 



TT 



2*8 

7-7 (l.86; 2 ( B in 56. 2, 2 - ~ 

C. m*X C» 



•j*\ 2,5 /.2(1.0 

* 4 / (l.2(l. 



86/(sin 58.2/+1 



2 4 -\ 3.5 



86 ; 2 (ein 2 56.2/; 



1.108 



V 



P B PO 

V * V 



- .491 x 1.108 - .544 



E. Determination of U - 1 on con© 




- . 528 



p o’ 



°/ M - 1 



.528 

1.108 



.477 



F. Determination of Pg/Po (Kopal theoretical 4 



8 



P s ? w ? 1 



X X 

p„ ? p, p 
o w 1 o 



1.1475 x 2.74 x 1.58 



497 






-fc- 




, 

< 

I 





o 

\ 



\ 




"i > <o % ,o b 

■rr- ^ S' °0 <. S> I\i 

x O o O <\j > 

T* 

O 



<0 

\ ^ 

<b 



CD 

O 



o 



-/C - 




-/ 7 - 




Z. a 




-z / - 




z . * 




J* 




- z 4 ■ 




£ 6 




-zu ' 




-z*- 




-io- 




I 



-3Z- 





- JZ~ 




- W- 




-3r- 




-J7- 




-?r- 




I 









~l 



-H- 



/>y. £6 70' Cone Bleed JYc//nher Behind 



IB. 



J i | -i-'B h ct\cA 



- 4 _. 



a 



u ~ 



\ :• 



— 1 -- 




- */l- 









1 





Fig. 29b 



?a ~ 1.49 





:.c"6 
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F / 6- J/ 
/Y- 




Fig. 32a 
U - 1.694 




Pig. 52b 



A = 1.694 



warn 



- 47 - 




r /& J 3 



A/ = /.6?*i 





Fig. 34a 

K - 1.86 




Fig. 34b 



M 1.36 




Fig. 3 5a 
i.997 




Fig, 35b 



M - 1.997 







10431 



Thesis 

MacKinnon 

^ Flow field around a 

finite cone with shock. 



9 stP 70 



1932 ^ 



Thesis 10431 

M23 MacKinnon 

Flow field around a 
finite cone with shock. 



thesM23 

Flow field around a finite cone with sho 




3 2768 001 88243 4 

DUDLEY KNOX LIBRARY 



